THE Saurashtra peninsula is almost entirely covered by Deccan volcanics (Traps) with Lower Cretaceous (Mesozoic) sediments exposed in the northeastern part ( Figure  1 ). Significant amount of Mesozoic sediments is believed to be hidden underneath the Deccan Traps. Oil industry has been engaged in exploring trap-covered regions for hydrocarbon potential, since Mesozoic sediments are the source rock for more than 50% hydrocarbon reserves world over 1 . In India, hydrocarbons have been discovered in Mesozoic sediments 2 in Jaisalmer basin of Rajasthan and East Godavari sub-basin of Andhra Pradesh. Presence of subtrappean Mesozoic sediments has been established through geophysical studies and drilling few bore wells in Saurashtra (Lodhika-I, Dhanduka) and adjoining Kutch and Cambay basins [3] [4] [5] [6] [7] [8] . Structural imaging in Trap-covered regions is a complex geophysical problem. Near-vertical seismic reflection studies have not been successful in trap-covered regions due to the combined effect of multiple generation, mode conversion, scattering and absorption leading to poor signal-to-noise ratios beneath and within the trap rocks 9, 10 . Subtrappean sediments form a low velocity zone (LVZ) in seismic exploration due to the fact that the Trap layer has higher seismic velocity than the velocity of underlying sediments. Seismic refraction studies with large energy sources can provide high-amplitude reflections from subtrappean interfaces at wide-angle range, where the noise is less dominant 7, 10 . In certain geological situations such as in regions with thin Trap lying over thick low-velocity sediments, distinct amplitude decay and time 'skip' in first-arrival refraction phases are observed. These signatures are indicative of the presence of low-velocity sediments below high-velocity Trap rocks [11] [12] [13] [14] [15] [16] [17] . Therefore, seismic refraction and wide-angle reflection datasets can be effectively used to build a wellconstrained subsurface velocity structure in Trap-covered regions.
Oil India Development Board (OIDB) and Oil & Natural Gas Corporation (ONGC) Ltd have sponsored integrated geophysical studies for exploration of subtrappean Mesozoic sediments in Saurashtra peninsula 6 . Seismic refraction studies were carried out along five profiles in Saurashtra peninsula during 1994-96. Here, we present results of seismic refraction data associated with 21 shot points along the Jodia-Ansador profile (Figure 1) , with the aim of delineating possible occurrence of subtrappean sediments. The initial model, which was prepared by juxtaposing the 1D velocity-depth functions, obtained by interpretation of first-arrival data 18 , was modified by 2D travel-time modelling 19 . The velocity and thickness variation of the Trap and subtrappean sediments, and basement configuration have been determined in the present study.
Seismic data were acquired along the 180 km long Jodia-Ansador profile using two 60-channel DFS-V units from 21 shot points (SP), designated as SP 1 to 21 (Figure 1) by the Controlled Source Seismology Group, National Geophysical Research Institute, Hyderabad during 1994-96. The data were acquired with ~8-10 km shot and 100 m receiver interval on a spread length of 11.8 km recording simultaneously in the form of (a) photographic paper and (b) digital (multiplexed; SEG-B format) magnetic tapes with a 4 ms sampling interval. To enhance the signal strength, six geophones of natural frequency 4.5 Hz were connected in series and bundled at each receiver position. The data were sorted and then used to generate trace normalized record sections for various shot points utilizing the Geomaster Seismic Processing package on CYBER 180/850A mainframe computer. The preliminary processing includes demultiplexing, trace editing, merging and frequency filtering. The record section of SP 4 along the profile has been displayed in Figure 2 , as an example.
Interpretation of seismic data generally consists of identification of seismic phases, iterative forward modelling of travel times and inversion. The entire profile is laid on Deccan Trap exposures. Based on change in slope of time-distance first arrivals, two refraction phases (P T and P b ) are identified ( Figure 2 ). The direct wave recorded with a P-wave velocity of 4.9 km s -1 represents the Deccan Trap formation all along the profile. The second refracted phase with a P-wave velocity of 5.9 km s -1 corresponds to the granitic basement, as the velocity (5.7-6.1 km s -1 ) is characteristic of basement in this region 20 . Record sections of various shot points show decay of P T amplitudes with increasing offsets. Also, a time 'skip', observed between P T and P b indicates the LVZ sandwiched between high-velocity Trap rock and the basement. This might be responsible for decay of energy to the overlying high-velocity layer and delay in arrival time of refraction phase from the deeper high-velocity layer 21 . An increase/decrease in the magnitude of time 'skip' depends on relative thickness of the LVZ. The surface exposure of Cretaceous sediments in the northeastern part of Saurashtra peninsula near the present profile indicates that the sediments may be present below the Deccan Traps, and thus the LVZ may correspond to Mesozoic sediments. The velocity of Mesozoic sediments shows wide variation in this region. Few shot points situated on the exposed Lower Cretaceous (Mesozoic) sediments show the direct-wave velocity of 3.2 km s -1 . ONGC Ltd has an exploratory well drilled at Lodhika, west of the present profile. The seismic refraction data along a profile across the well at Lodhika was modelled 22 using the P-wave velocity of 3.4-3.6 km s -1 for Mesozoic sediments. We find that this sediment thickness does not match with the sediment thickness in the lithologs. From the travel-time inversion of both refraction and wide-angle data along the same profile, the P-wave velocity of 4.3 km s -1 has been reported for Mesozoic sediments 7 . The deep seismic sounding study along Navibandar-Amreli profile 20 located in the south determined the P-wave velocity of 4.0 km s -1 for subtrappean Mesozoic sediments. Here, we have modelled the seismic data along Jodia-Ansador profile using both lower (3.2 km s -1 ) and upper (4.3 km s -1 ) bound velocities for the low-velocity Mesozoic sediments.
As can be seen from Figure 2 , the first-arrival refracted phase (P T ) representing the Deccan Trap terminates and then the first arrival (P b ) representing the basement gets delayed at greater offsets. The Trap direct-wave termination occurs when the wave feels the base of the Trap, consistent with Snell's law, and is refracted into the subtrappean LVZ. The offset at which the direct-wave termination occurs is a function of the velocity structure and thickness of the Trap layer. The Trap thickness will be obtained from the maximum depth penetration of the diving wave that fits the termination point of the Trap diving wave 12 . Similarly, the sediment-basement interface will be constrained using the correct arrival time evident at large shot-receiver offset 10, 12 . We derive shallow velocity structure using travel-time inversion of first-arrival seismic data 19 , which are picked from the original monitor paper records and assigned uncertainties depending on the offset and signal-to-noise ratio. The reciprocal times for every pair of shot points are checked. There is clear indication of relatively sudden termination in the Trap diving wave (P T ) on the record sections ( Figure 2) . The offset at which the termination occurs varies substantially from one shot point to the other. For the remainder of this communication, 'offset' will refer to the distance between shot and receiver and 'distance' will refer to profile distance relative to SP 1 at 0 km. Considering the nearby 'Lodhika' well data, geologic/tectonic nature of the region and from the present data analysis, a LVZ related to subtrappean Mesozoic sediments has been assumed in the study region. While modelling the refraction data, we have considered the Pwave velocities of 3.2 and 4.3 km s -1 for the LVZ, as we observe them at surface and subsurface respectively. The initial model for 2D travel-time inversion is obtained by merging individual velocity-depth functions for various shot points 18 . The travel times of the first segments (P T ) of each shot point (SP 1 to SP 21) at their respective distances along the profile were inverted simultaneously. This helps determine the velocity variation of the first layer. To find out the thickness of the first layer (Trap), it is important to pick precisely the diving wave (P T ) termination point. After the termination points were picked for all the shot points, rays were traced from individual shot points to their respective termination points, and the base of the Trap layer was determined from the maximum depth penetrated by these rays. Thus the depth of Trap layer which also becomes the top of the LVZ has been obtained (0.2-1.4 km) mainly by modelling the refraction (P T ) data and a few reflection data (P T ) from the bottom of Trap. After the Trap velocity and thickness were determined, we carried out a simultaneous inversion for the basement velocity and sediment-basement interface assuming a velocity of 3.2 and 4.3 km s -1 respectively, for the LVZ using the refraction (P b ) data and a few reflection data (P b ) from the basement. Assuming 3.2 km s -1 velocity for the LVZ, the basement velocity (5.8-6.1 km s -1 ) and depth (1.0-2.1 km) variation were obtained. To estimate the possible variation of the basement depth and thereby subtrappean sediment thickness, we have also modelled the data with a velocity of 4.3 km s -1 for the LVZ, keeping all other parameters same in the previous modelling. It was observed that both the basement depth and sediment thickness increased by 600-700 m in the northwestern part of the profile up to Atkot.
For the inversion, we have used overall damping factor of 1.0 and have adopted velocity uncertainty of 0.1 km s Table 1 shows the number of rays traced through the final model, root mean square travel time residual and normalized  2 values for various phases corresponding to all shot points. Figures  4 b and 5 b display the final velocity models corresponding to 3.2 and 4.3 km s -1 for LVZ. The velocity model is derived based on the ability to trace rays through the final model to almost all observation points and a trade-off between achieving a sufficiently small travel-time residual of the order of data uncertainties and an adequately high-parameter resolution.
One important aspect of model assessment is to provide a measure of statistical resolution and uncertainty of the estimated model parameters from the diagonal elements of the resolution and covariance matrices respectively. We have carried out resolution and uncertainty tests for the model with LVZ of 3.2 km s -1 . Generally, resolution values range from 0 to 1, and depend on the relative number of rays sampling each model parameter. The desired fit and resolution are attained within 3-4 iterations with velocity and boundary resolution >0.9 ( Table 2 ), indicating that the model is well resolved. For obtaining absolute uncertainty of a model parameter, we perturb its value from that in the final model and hold it fixed while inverting the observed data involving all other model parameters that were determined along with the perturbed parameter in the final model 19, 24 . Increase or decrease in perturbation is continued until the final model fits the observed data. The maximum perturbation of the parameter that allows a comparable fit to the observed data provides an estimate of its absolute uncertainty. Figure 6 displays the absolute uncertainty of velocity (5.85 km s -1 ) node and boundary depth (1.9 km) of the basement at 50 km profile distance. This shows the absolute velocity uncertainty lying between 5.73 and 6.0 km s -1 , and depth uncertainty between 1.76 and 2.05 km corresponding to 60 ms travel-time residual. We have carried out the uncertainty test at a few more velocity and boundary nodes and observed that the overall velocity and boundary uncertainties are of the order of 0.15 km s -1 and 0.15 km respectively.
The velocity model (Figure 4 b) , derived mainly from the analysis of first-arrival refraction and a few reflection data, reveals the subsurface shallow velocity structure of the Deccan Trap formation, thickness variation of Mesozoic sediments and basement configuration along the The modelling result of seismic refraction data along a profile across the well at Lodhika shows a five-layer velocity structure 22 . The trap thickness is about 1350-1500 m and Mesozoic sediment thickness is 1000 m near the well. Whereas the result of inversion along the same profile 7 The model derived in this study suggests basement upwarp southeast of Rajkot and a different subsurface structure southeast and northwest of Rajkot. This can be attributed to the upwelling introduced by volcanic plug/dyke that might have produced diffractions observed on seismic records 6 . The thick Trap near Ansador has a major problem for the identification of any signature of sub-trappean sediments in the southeastern part of the profile.
The presence of Mesozoic sediments below the Deccan Traps in Saurashtra peninsula has been indicated by amplitude decay and travel time 'skip' in the refraction data. The present study delineated the subsurface structure of low-velocity Mesozoic sediments below the highvelocity Deccan Traps along Jodia-Ansador profile. The Mesozoic sediments are thick (1500 m) in the northwest near Jodia, and may be absent or very thin southeastward, which indicates that the northwestern part of the Saurashtra peninsula may form an important zone for detailed investigation of hydrocarbons. The velocity of Trap layer varies from 4.8 to 5.0 km s -1 and thickness is about 1400 m near Ansador in the southeast. The basement (5.8-6.1 km s -1 ) is deep near Jodia in the northwest.
